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This work tabulates measured and derived values of coefficients for Lorentz and CPT violation in 
the Standard-Model Extension. Summary tables are extracted listing maximal attained sensitivities 
in the matter, photon, and gravity sectors. Tables presenting definitions and properties are also 
compiled. 
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I. INTRODUCTION 

Recent years have seen a renewed interest in experi- 
mental tests of Lorentz and CPT symmetry. Observable 
signals of Lorentz and CPT violation can be described in 
a model- independent way using effective field theory [l[. 

The general realistic effective field theory for Lorentz 
violation is called the Standard-Model Extension (SME) 
R includes the Standard Model coupled to General 
Relativity along with all possible operators for Lorentz 
violation. Both global |2| and local [3J] Lorentz violation 
are incorporated. Since CPT violation in realistic field 
theories is accompanied by Lorentz violation 0], the SME 
also describes general CPT violation. Reviews of the 
SME can be found in Refs. @, Q. 

Each Lorentz-violating term in the Lagrange den- 
sity of the SME is constructed as the coordinate- 
independent product of a coefficient for Lorentz violation 
with a Lorentz-violating operator. The Lorentz-violating 
physics associated with any operator is therefore con- 
trolled by the corresponding coefficient, and so any ex- 
perimental signal for Lorentz violation can be expressed 
in terms of one or more of these coefficients. 

The Lorentz-violating operators in the SME are sys- 
tematically classified according to their mass dimension, 
and operators of arbitrarily large dimension can appear. 
At any fixed dimension, the operators are finite in num- 
ber and can in principle be enumerated. A limiting case 
of particular interest is the minimal SME, which can be 
viewed as the restriction of the SME to include only 
Lorentz-violating operators of mass dimension four or 
less. The corresponding coefficients for Lorentz violation 
are dimensionless or have positive mass dimension. 

The results summarized here concern primarily but not 
exclusively the coefficients for Lorentz violation in the 
minimal SME. We compile data tables for these SME co- 
efficients, including both existing experimental measure- 
ments and some theory-derived limits, and we provide ta- 
bles listing some relevant definitions and properties. We 
also extract summary tables listing our best estimates for 
the maximal attained sensitivities in three sectors: ordi- 



nary matter (electrons, protons, and neutrons), photons, 
and gravity. The tables include results available from the 
literature up to December 31, 2009. More recent papers 
can be found online [7|. 

The order of the tables is as follows. Table H] contains a 
list of all tables. The three summary tables are presented 
next, Tables HH HTH and QVl These are followed by the 
data tables, Tables [V] to KVl The properties tables ap- 
pear last, Tables IXVll to IXXIVI 

A description of the summary tables is given in Sec. 
II. Information about the format and content of the data 
tables is presented in Sec. Ill, while Sec. IV provides an 
overview of the properties tables. The bibliography for 
the text and all the tables follows Sec. IV. 



II. SUMMARY TABLES 

Three summary tables are provided (Tables llll IIIII [PVl . 
listing maximal experimental sensitivities attained for co- 
efficients in the matter, photon, and gravity sectors of 
the minimal SME. To date, there is no compelling ex- 
perimental evidence supporting Lorentz violation. A few 
measurements suggest nonzero coefficients at weak con- 
fidence levels. These latter results are excluded from the 
summary tables but arc listed in the data tables. 

In these three summary tables, each displayed sen- 
sitivity value represents our conservative estimate of a 
2a limit, given to the nearest order of magnitude, on 
the modulus of the corresponding coefficient. In a few 
cases, tighter results may exist when suitable theoreti- 
cal assumptions are adopted; these results can be found 
in the data tables that follow. Where observations in- 
volve a linear combination of coefficients in the tables, 
the displayed sensitivity for each coefficient assumes for 
definiteness that no other coefficient contributes. Some 
caution is therefore advisable in applying the results in 
these summary tables to situations involving two or more 
nonzero coefficient values. Care in applications is also 
required because under some circumstances certain coef- 
ficients can be intrinsically unobservable or can be ab- 
sorbed into others by field or coordinate redefinitions. 
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FIG. 1: Standard Sun-centered inertial reference frame 



gravity sector of the minimal SME. Two classes of co- 
efficients can be distinguished in this context: ones ap- 
pearing in the matter sector, and ones appearing in the 
pure-gravity sector. For the first class, Table ITVl lists the 
12 observables involving the coefficients a e , aP , and a™ 
for electrons, protons, and neutrons, respectively. These 
observables are associated with CPT-odd operators and 
have dimensions of GeV in natural units. The pref actor a 
is a model-dependent number For the second class, 
the table displays nine combinations of the nine dimen- 
sionless coefficients for Lorentz violation s^ v . Additional 
sets of coefficients involving the gravity sector exist, but 
no sensitivities to them have been identified to date. 



In presenting the physical sensitivities, we adopt nat- 
ural units with h = c = 6q = 1 and express mass units 
in GeV. Our values are reported in the standard Sun- 
centered inertial reference frame widely used in the liter- 
ature. This frame is illustrated in Fig. [TJ It has Z axis 
directed north and parallel to the rotational axis of the 
Earth. The X axis originates from the Sun and points 
towards the vernal equinox, while the Y axis completes 
a right-handed system. The time coordinate T is fixed 
with origin at the 2000 vernal equinox. Details about this 
frame, including transformations to other frames, can be 
found in Section III A of Ref. [|. 

Table UT1 lists the maximal attained sensitivities involv- 
ing protons, neutrons, and electrons. For each distinct 
massive spin-half Dirac fcrmion in the minimal SME in 
Minkowski spacetime, there are 44 independent observ- 
able combinations of coefficients for Lorentz violation in 
the nonrelativistic limit. Of these, 20 also control CPT 
violation. The 44 combinations are conventionally chosen 
as the tilde coefficients shown. The definitions of these 
44 tilde coefficients in terms of minimal SME coefficients 
are listed in Table IXVIIII All the definitions appear else- 
where in the literature |8| except the four combinations 
b*j and ctt- In Table HT1 all tilde coefficients have dimen- 
sions of GeV in natural units. A dash indicates that no 
sensitivity to the coefficient has been identified to date. 

Table Mil displays the maximal attained sensitivities 
to coefficients for Lorentz violation in the photon sector 
of the minimal SME. There are 23 observable coefficient 
combinations for photons, of which four also control CPT 
violation. The 19 tilde coefficients listed in the table 
are conventional combinations of the 19 dimensionless 
coefficients in the minimal SME. The remaining entries 
in the table concern combinations of the four coefficients 
controlling CPT violation, which have dimensions of GeV 
in natural units. The definitions of all 23 combinations 
are taken from the literature [13] and are provided in 
Table EE] 

Table IIVI displays the maximal attained sensitivities 
to certain coefficients for Lorentz violation involving the 



III. DATA TABLES 

We present 11 data tables compiled from the existing 
literature. Of these, 10 tables include results for various 
sectors of the minimal SME: the electron sector (Table 
|V]) . the proton sector (Table |VT|) . the neutron sector (Ta- 
ble EH]), the photon sector (Table EITJ) , the charged- 
lepton sector (Table lTX|) . the neutrino sector (Table IX|l . 
the meson sector (Table IXI|) , the electroweak sector (Ta- 
ble [XTTJ), the gluon sector (Table |XIII|) . and the gravity 
sector (Table IXIVl) . The remaining table (TablelXVl) lists 
existing bounds on nonminimal coefficients for Lorentz 
violation in the photon sector. 

Each of these 11 data tables contains four columns. 
The first column lists the coefficients for Lorentz vio- 
lation or their relevant combinations. Results for coef- 
ficients of the same generic type are grouped together. 
Certain results involve combinations of coefficients across 
more than one sector; each of these has been listed only 
once in the table deemed most appropriate. Some mi- 
nor changes in notation or format have been introduced 
as needed, but for the most part the results are quoted 
as they appear in the cited references. Definitions for 
standard combinations of coefficients are provided in the 
properties tables that follow. A few authors use uncon- 
ventional notation; where immediate, the match to the 
standard notation is shown. 

The second column contains the measurements and 
bounds, presented in the same form as documented in 
the literature. For each generic type of coefficient, the 
results arc listed in reverse chronological order. If no sig- 
nificant figures appear in the quoted limit on an absolute 
value, the order of magnitude of the limit is given as a 
power of 10. 

The third column contains a succinct reminder of the 
physical context in which the bound is extracted, while 
the fourth column contains the source citations. The 
reader is referred to the latter for details of experimen- 
tal and theoretical procedures, assumptions underlying 
the results, definitions of unconventional notations, and 
other relevant information. Results deduced on theoret- 
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ical grounds are distinguished from those obtained via 
direct experimental measurement by an asterisk placed 
after the citation. 

Tables |Vj IVII and IVIII contain data for the electron, 
proton, and neutron sectors, respectively. Each table 
is divided into sections focusing sequentially on combi- 
nations involving the coefficients b u , Cpu, H^, d^, and 
.9/ji/A ■ Standard definitions for these coefficients and their 
combinations are provided in Tables IXVII and IXVIIII 
Some results depend on r\ ~ 23.5°, which is the angle 
between the equatorial and ecliptic planes in the solar 
system. Note that the existing bound on the combination 
of observables involving af,, a£, and a™ is obtained from 
gravitational experiments and is listed with the gravity- 
sector results in Table IXJVl 

Table IVIIII presents the photon-sector data. Most of 
the combinations of coefficients for Lorentz violation ap- 
pearing in the first column are defined in Tables IXIXI 
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and IXVll The alternative combinations k 

and fc(sL- m arise from analyses [1(3, H, HH using spin- 
weighted spherical harmonics. The factor of /3® appear- 
ing in some places is the speed of the Earth in the stan- 
dard Sun-centered reference frame, which is about 10~ 4 
in natural units. 

Tables IIX1 IXl and IXII list measurements and bounds 
on coefficients for Lorentz violation involving second- and 
third-generation fermions in the minimal SME. Results 
for muons and tau leptons are in Table llX"! while those for 
neutrinos are in Table IXl For both these tables, many of 
the coefficients appearing in the first column are specified 
in the lepton sector of Table IXXI The neutrino results 
in Table [X] are obtained in the context of various simpli- 
fied models, as discussed in the references. Experimental 
sensitivities to coefficients for operators involving second- 
and third-generation quark fields are presently limited to 
mesons and are presented in Table IXII The coefficients 
appearing in this table are composite quantities defined 
in the corresponding references. They are effective co- 
efficients for which complete analytical expressions are 
as yet unknown, formed from certain quark-sector coeffi- 
cients appearing in Table IXXI and from other quantities 
arising from the quark binding in the mesons. 

Tables IXIII and IXIIII concern coefficients in the gauge 
sectors of the minimal SME. Results for the electroweak 
sector are listed in Table IXlTl while those for the gluon 
sector are in Table IXIIII The coefficients for the elec- 
troweak sector are defined in the gauge and Higgs sec- 
tions of Table IXXII The gluon-sector coefficient is the 
analogue of the corresponding photon-sector coefficient 
defined in Table IXlXl To date, all results for the gauge 
sector are deduced from theoretical considerations. 

Table IXIVI presents measurements and bounds con- 
cerning the gravity sector of the minimal SME. The spe- 
cific combinations of coefficients in the pure-gravity sec- 
tor that appear in the first column are defined in the 



references. They are expressed in terms of the coeffi- 
cients for Lorentz violation listed in the gravity section 
of Table KSI1 

The final data table, Table IXV1 contains a compila- 
tion of some measurements and bounds on coefficients 
for Lorentz violation in the nonminimal SME. Atten- 
tion is restricted to the photon sector, in which results 
are available for a variety of nonrenormalizable opera- 
tors of dimensions 5, 6, 7, 8, and 9. A convenient ba- 
sis for classifying operators of dimension d is given by 
the spin- weighted spherical harmonics (H)]. The corre- 
sponding coefficients are listed in Table IXXI VI Some con- 
straints have been obtained for the vacuum coefficients 
for Lorentz violation, which are c|5.„, ft/c^—, k. 



for even d and k 



(<') 



-(I)jm> n, (£)j"m' "(Bljm 

^(v)jm f° r d, where the subscripts 
jm label the angular-momentum quantum numbers. In 
the first column of Table IXVI the usual spherical har- 
monics oYjm are evaluated at specified angles, which are 
the celestial coordinates of certain astrophysical sources. 
None of the vacuum-orthogonal coefficients for Lorentz 
violation have been measured to date. 



IV. PROPERTIES TABLES 

Nine properties tables are provided, listing various fea- 
tures and definitions related to Lorentz violation. Four 
tables concern the terms in the restriction of the min- 
imal SME to quantum electrodynamics (QED) in Rie- 
mann spacetime. For this theory, which is called the 
minimal QED extension, the tables include information 
about the operator structure (Table IXVI|) , the action of 
discrete symmetries (Table IXVIIj) . and some useful coef- 
ficient combinations (Table [XVIlIl and Table KEJ- Two 
tables contain information about the matter sector (Ta- 
ble IXXp and the gauge and gravity sectors (Table IXXip 
of the minimal SME in Riemann-Cartan spacetime. An- 
other table (Table IXXIip summarizes some features of 
the coefficients for Lorentz violation in the neutrino sec- 
tor. The two remaining tables (Table IXXIIII and Table 
IXXIV|) provide information about the operator structure 
and the spherical coefficients for Lorentz violation in the 
nonminimal photon sector. 

For these properties tables, our primary conventions 
are those of Ref. Greek indices fi,v,X,... refer to 
curved-spacetime coordinates and Latin indices a, b, c, . . . 
to local Lorentz coordinates. The vierbein formalism 
14], which relates the two sets of coordinates, is adopted 
to facilitate the description of spinors on the spacetime 
manifold. The determinant e of the vierbein e^ a is re- 
lated to the determinant g of the metric g^ u by e = y/—g. 
The conventions for the Dirac matrices 7° are given in 
Appendix A of Ref. 0]. The Newton gravitational con- 
stant Gn enters as the combination n = 8ttGn, and it 
has dimensions of inverse mass squared. 
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In the Minkowski-spacetime limit, the metric g^ v 
is written rj^ with diagonal entries (—1,1,1,1). For 
decompositions into time and space components, we 
adopt the Sun-centered frame of Fig. [T] and use in- 
dices J,K,L, . . . to denote the three spatial components 
X, Y, Z. The sign of the antisymmetric tensor e K \^ is 
fixed via the component ctxyz = +1, and the antisym- 
metric symbol in three spatial dimensions is defined with 
( xyz = +1. Note that some of the literature on the SME 
in Minkowski spacetime adopts a metric r)uv of opposite 
sign, following the common present usage in quantum 
physics instead of the one in relativity. Under this alter- 
native convention, terms in the Lagrange density with an 
odd number of metric contractions have opposite signs to 
those appearing in this work. 

Table IXVII concerns the minimal QED extension, 
for which the basic nongravitational fields are a Dirac 
fermion ip and the photon A^. The electromagnetic 
field-strength tensor is = d fJi A u — d^A^. The pure- 
gravity sector involves the Riemann tensor R K Xfj,u, the 
Ricci tensor R^ u , the curvature scalar R, and the cosmo- 
logical constant A. The spacetime covariant derivative 
Dfj, corrects local Lorentz indices using the spin connec- 
tion, corrects spacetime indices using the Cartan con- 
nection, and contains the usual gauge field A^ for the 

photon. The notation is an abbreviation for the dif- 
ference of two terms, the first with derivative acting to 
the right and the second acting to the left. Note that 
Table IXVII is restricted to the zero-torsion limit of the 
minimal SME. The general case 0| involves additional 
operators constructed with the torsion tensor T a . The 
Minkowski-spacetime limit of QED with nonzero torsion 
contains terms that mimic Lorentz violation, so searches 
for Lorentz violation can be used to bound components 
of the torsion tensor (l5| . 

In Table IXVII each line specifies one term in the La- 
grange density for the QED extension in Riemann space- 
time. Both conventional QED terms and ones with 
Lorentz violation are included. The first column indi- 
cates the sector to which the term belongs. The second 
column lists the coefficient controlling the corresponding 
operator. Note the standard use of an upper-case let- 
ter for the coefficient H^ u , which distinguishes it from 
the metric fluctuation h^ u . The third column shows the 
number of components for the coefficient. The next three 
columns list the operator, its mass dimension, and the 
vierbein factor contracting the coefficient and the opera- 
tor. The final two columns list the properties of the term 
under CPT and Lorentz transformations. A CPT-even 
operator is indicated by a plus sign and a CPT-odd one 
by a minus sign, while terms violating Lorentz invariance 
are identified by a check. 

Table IXVIII lists the properties under discrete- 
symmetry transformations of the Lorentz-violating op- 
erators in the minimal QED extension [l6j |. The seven 



transformations considered are charge conjugation C, 
parity inversion P, time reversal T, and their combina- 
tions CP, CT, PT, and CPT. The first column speci- 
fies the operator by indicating its corresponding coeffi- 
cient. Each of the other columns concerns one of the 
seven transformations. An even operator is indicated by 
a plus sign and an odd one by a minus sign. The table 
contains eight rows, one for each of the eight possible 
combinations of signs under C, P, and T. 

Table IXVIIII lists the definitions of the 44 combina- 
tions of coefficients for Lorentz violation that frequently 
appear in experimental analyses involving the fermion 
sector of the minimal QED extension in Minkowski space- 
time in the nonrelativistic limit. These combinations are 
conventionally denoted by tilde coefficients, listed in the 
first column of the table. Note that six of these com- 
binations, cx, cy, cz, grx, 9ty, and grz, are denoted 
as c QiY , c QiX , c X y, 9q,y, 9Q,x, and g X Y, respectively, 
in some early publications. The definitions in the table 
are given for a generic fermion of mass m. Most applica- 
tions in the literature involve electrons, protons, or neu- 
trons, for which the corresponding mass is understood. 
The final column lists the number of independent compo- 
nents of each coefficient. For ordinary matter involving 
protons, electrons, and neutrons, there are therefore 132 
independent observable coefficients for Lorentz violation 
in the minimal QED sector of the SME in Minkowski 
spacetime. 

Table IXIXI presents definitions for certain combina- 
tions of the 23 coefficients for Lorentz violation in 
the photon sector of the minimal QED extension in 
Minkowski spacetime. This table has three sections. 
The first section consists of five rows listing 19 widely 
used combinations of the 19 coefficients for CPT-even 
Lorentz violation. The second section provides 10 alter- 
native combinations involving the 10 CPT-even Lorentz- 
violating operators relevant to leading-order birefrin- 
gence [9]. The third section lists four combinations 
of the four coefficients for CPT-odd Lorentz violation. 
These combinations appear when a basis of spin-weighted 
spherical harmonics is adopted. 

Table IXXl concerns the fermion-sector terms in the La- 
grange density of the minimal SME in Riemann- Cart an 
spacetime. The column headings are similar to those 
in Table IXVII In the lepton sector, the left- and right- 
handed leptons are denoted by La and Ra, where A is 
the generation index. The SU(2) doublet La includes 
the three neutrino fields v e , v^, v r and the left-handed 
components of the three charged leptons e, /i, and r. The 
SU(2) singlet Ra contains the right-handed components 
of e, (i, and r. The derivative is both spacetime and 
SU(3) x SU(2) x U(l) covariant. The quark fields are de- 
noted V a-, Da, and Qa, where A is the generation index. 
The right-handed components of the u, c, and t quarks 
are the SU(2) singlets Ua, while the right-handed com- 
ponents of d, s, and b are the SU(2) singlets Da- The 
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six left-handed quark fields are contained in the SU(2) 
doublet Qa- The Yukawa sector involves terms coupling 
the Higgs doublet <j> to the leptons and to the quarks. 
The conventional Yukawa-coupling matrices are denoted 
{Gl)ab, {Gu)ab, and {G d )ab- The hermitian conju- 
gate of an operator is abbreviated h.c. in the table. 

Table IXXII presents information about the Higgs, 
gauge, and pure-gravity sectors for the Lagrange den- 
sity of the minimal SME in Riemann-Cartan spacetime. 
The structure of the table is the same as that of Ta- 
ble IXXI As before, is both a spacetime and an 
SU(3) x SU{2) x U(l) covariant derivative. The complex 
Higgs field is denoted <j>, the SU (3) color gauge fields and 
the SU(2) gauge fields are the hermitian adjoint matri- 
ces G^ and W^, respectively, while the U(l) hypercharge 
gauge field is the singlet B^. Each gauge field has an 
associated field strength, denoted G^ v for the strong in- 
teractions, Wpv for the weak interactions, and B^ for 
the hypercharge. The pure-gravity sector of Table IXXII 
differs from that in Table IXVII only in the addition of 
terms involving the torsion field T a . 

The minimal SME in Riemann-Cartan spacetime de- 
scribed in Tables IXXl and IXXll can be reduced to the min- 
imal QED in Riemann spacetime described in Table IXVll 
as follows. For the gauge sector, including the covariant 
derivatives, remove all the gauge fields except the charge 
U(l) field in the photon limit £?„ — > A^, and remove all 
the Higgs terms. For the gravity sector, remove all the 
torsion terms. For the fermion sector, restrict the lepton 
generation index to a single value, remove all quark and 
neutrino terms, and replace the Yukawa-coupling terms 
with the relevant fermion mass terms. 

Table IXXIII concerns the neutrino sector of the SME, 
including both neutrino masses and Lorentz-violating 
terms. For the latter, we restrict attention to terms of 
mass dimension four or less that involve three generations 
of neutrinos and antineutrinos, allowing for possible vi- 
olations of SU(3) x SU{2) x U(l) gauge symmetry and 
lepton number [17f. In the table, the first row involves 
the usual neutrino mass matrix ffiAB, where the indices 
A, B take values e, [i, and r, while the other rows con- 
cern coefficients for Lorentz violation. The first column 
lists the coefficients, and the second gives the dimension 
of the corresponding operators in the Lagrange density. 
The third column indicates generically the type of neu- 
trino oscillations controlled by the coefficients. The final 
two columns list the properties of the operators under 
CPT and Lorentz transformations. 

Table IXXIIII provides information about the nonmini- 
mal photon sector of the full SME in Minkowski space- 
time. The relevant part of the Lagrange density includes 
operators of arbitrary dimension d that are both gauge 
invariant and quadratic in the photon field A^ (l3| . The 
structure of the table is similar to those adopted for Ta- 
bles IXVII IXXI and IXXII with each row associated with 
a term in the Lagrange density. The first column lists 



the coefficient for Lorentz violation, while the second col- 
umn counts its independent components. The next three 
columns provide the corresponding operator appearing 
in the Lagrange density, its mass dimension, and the fac- 
tor contracting the coefficient and the operator. The last 
two columns list the properties of the operator under 
CPT and Lorentz transformations, using the same con- 
ventions as Tabic IXVTl 

Three sections appear in Table IXXIIII separated by 
horizontal lines. The first section concerns the conven- 
tional Lorentz-preserving Maxwell term in the Lagrange 
density for the photon sector. The second and third 
sections concern coefficients associated with operators of 
odd and even dimensions d, respectively. Each of these 
sections has three rows for the lowest three values of d, 
along with a final row applicable to the case of general 
d. The notation for the coefficients incorporates a super- 
script specifying the dimension d of the corresponding op- 
erator. Note that the mass dimension of the coefficients 
is 4 — d. In each section, the first row describes terms 
in the minimal SME, and the match is provided between 
the general notation for nonminimal coefficients and the 
standard notation used for the minimal SME in Table 
IXVII In the case of mass dimension four, there are 19 
independent Lorentz-violating operators. However, for 
this case the number in the second column is listed as 
19 + 1 to allow for an additional Lorentz-preserving trace 
term, which maintains consistency with the expression 
for general d in the last row. 

Table IXXIVI summarizes properties of spherical coef- 
ficients for Lorentz violation in the nonminimal photon 
sector of the full SME in Minkowski spacetime [13j . The 
spherical coefficients are combinations of the coefficients 
listed in Tabic IXXIIII that are of particular relevance for 
observation and experiment. They can be separated into 
two types. One set consists of vacuum coefficients that 
control leading-order effects on photon propagation in 
the vacuum, including birefringence and dispersion. The 
complementary set contains the vacuum-orthogonal co- 
efficients, which leave photon propagation in the vacuum 
unaffected at leading order. The two parts of Table lXXIVI 
reflect this separation, with the part above the horizontal 
line involving the vacuum coefficients and the part below 
involving the vacuum-orthogonal ones. 

In Table IXXIVI the first column of the table identi- 
fies the type of spherical coefficients, while the second 
column lists the specific coefficient. The coefficient no- 
tation reflects properties of the corresponding operator. 
Coefficients associated with operators leaving unchanged 
the leading-order photon propagation in the vacuum are 
distinguished by a negation diacritic -i. A symbol k de- 
notes coefficients for birefringent operators, while c de- 
notes nonbircfringent ones. The superscript d refers to 
the operator mass dimension, while the the subscripts n, 
j, m determine the frequency or wavelength dependence, 
the total angular momentum, and the z-component of 
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the angular momentum, respectively. The superscripts 
E and B refer to the parity of the operator, while the 
numerals 0, 1, or 2 preceding E or B refer to the spin 
weight. Note that the photon-sector coefficients in the 
minimal SME correspond to the vacuum coefficients with 
d = 3, 4. The third, fourth, and fifth columns of Table 
IXXIVI provide the allowed ranges of the dimension d and 
of the indices n and j. The index m can take values rang- 
ing from — j to j in unit increments. The final column 
gives the number of independent coefficient components 
for each operator of dimension d. 
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TABLE II: Maximal sensitivities for the matter sector 



Coefficient Proton Neutron Electron 



b*j (J 



bx 


10 


-27 


GeV 


10 


-31 


GeV 


10" 


-31 


GeV 


by 


10" 


-27 


GeV 


10" 


-31 


GeV 


10" 


-31 


GeV 


b~z 














10" 


-30 


GeV 


&T 








10" 


-27 


GeV 


10" 


-27 


GeV 


= X, Y, Z) 




















C- 


10" 


-25 


GeV 


10" 


-27 


GeV 


10" 


-19 


GeV 


CQ 


10" 


-22 


GeV 








10" 


-19 


GeV 


cx 


10" 


-25 


GeV 


10" 


-25 


GeV 


10" 


-19 


GeV 


C Y 


10" 


-25 


GeV 


10" 


-25 


GeV 


10" 


-19 


GeV 


cz 


10" 


-24 


GeV 


10" 


-27 


GeV 


10" 


-19 


GeV 


CTX 


10" 


-20 


GeV 








10" 


-18 


GeV 


cty 


10" 


-2(1 


GeV 








10" 


-18 


GeV 


ctz 


10" 


-21 


GeV 








10" 


-20 


GeV 


ctt 














10" 


-18 


GeV 


d+ 






- 


10" 


-27 


GeV 


10" 


-27 


GeV 


d- 








10" 


-27 


GeV 


10" 


-27 


GeV 


dQ 








10" 


-27 


GeV 


10" 


-27 


GeV 


dxY 








10" 


-27 


GeV 


10" 


-27 


GeV 


dyz 






- 


10" 


-26 


GeV 


10" 


-27 


GeV 


dzx 














10" 


-20 


GeV 


J 

ax 




-25 


Kj& V 


i n~ 
1U 


-29 


oe V 


1U 


-22 


KjQ V 


dv 


10" 


-25 


GeV 


10" 


-28 


GeV 


10" 


-22 


GeV 


dz 














1U 


-19 


(je V 


~ 

M XT 








i rr 


-26 


Vjrc V 


i rr 


-27 


CJpV 

Vjrc V 


Hyt 








i rr 


-27 


C'eV 
Vjrc V 


i rr 


-27 


rvv 

vjre V 


Hzt 








i rr 


-27 


Vjrc V 


i rr 


-27 


CVV 


_ 








1 0" 

1U 


-27 


C'eV 
Vjrc V 


i rr 


-27 


rvv 

vjre V 


9c 










-27 


(_rev 


10 


-27 


ijev 


9Q 




















9- 




















J = X Y Z) 




















9xy 




















9YX 




















gzx 




















gxz 




















gYz 




















gzY 




















9DX 


10" 


-25 


GeV 


10" 


-29 


GeV 


10" 


-22 


GeV 


§DY 


10" 


-25 


GeV 


10" 


-28 


GeV 


10" 


-22 


GeV 


9DZ 
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TABLE III: Maximal sensitivities for the photon sector 



Coefficient Sensitivity 





\ XY 


-i r\ — 32 
1U 




IZr \ XZ 


1 f\~ 

1U 






1Q -32 






1Q -32 






1Q -32 






1Q -32 






1Q -32 




(*o-) YZ 


1Q -32 


(«o- 




1Q -32 






1Q -32 




(-.-) XY 


10 -16 




C-e-) XZ 


1Q -16 




C-e-) YZ 


10 -16 


(S e - 


) XX -(^-) YY 


io- 17 




C-e-) ZZ 


io- 17 




{Ko + ) XY 


io- 13 




M XZ 


io- 13 




C-o + ) YZ 


io- 13 




Hr 


1Q -14 



1,(3) 
K (V)00 
1.(3) 
h '(V)10 

^"■(VJll 

TmA- (3) 



10" 


-43 


GeV 


10" 


-42 


GeV 


10" 


-42 


GeV 


10" 


-42 


GeV 
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TABLE IV: Maximal sensitivities for the gravity sector 

Coefficient Sensitivity 

aa e T KT 11 GeV 

aa e x 

aa? 1CT 11 GeV 



aaJh lO" 11 GeV 
aa x 

aa z 

x ~s 

+ s YY -2s zz 1(T 7 

-xy 1Q -9 

-xz 1Q -9 

-YZ 1Q -9 

s TX lO" 6 

s TY lO" 6 

s TZ 1(T 5 
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TABLE V: Electron sector 



Combination 



Result 



System 



Ref. 





bx 




(• 


-0.9 ± 1.4) x 


10" 


-31 


GeV Torsion pendulum 


ns] 




by 




(• 


-0.9 ± 1.4) x 


10" 


-31 


GeV 


ns] 




bz 




(• 


-0.3 ±4.4) x 


10" 


-30 


GeV 


ns] 




2g c - 3g T + U+ 


~d Q ) 




(0.9 ±2.2) x 


10" 


-27 


GeV 


[18] 




- b T ± 4d+ — d- 


~d Q ) 


(• 


-0.8 ±2.0) x 


10" 


-27 


GeV 


[18] 



+ \&nr)(dyz — Hxt) 



bx 


(0.1 ±2.4) x 10" 31 GeV 




[19] 


by 


(-1.7 ±2.5) x 10~ 31 GeV 




[19] 


bz 


(-29 ± 39) x 10" 31 GeV 




[19] 


b x 


< 3.1 x 10~ 29 GeV 




[20] 


\bz\ 


< 7.1 x 10" 28 GeV 




[20] 


bx 


(2.8 ±6.1) x 10" 29 GeV 


K/He magnetometer 


[21] 


by 


(6.8 ±6.1) x 10" 29 GeV 




[21] 


r e 


< 3.2 x 10~ 24 


Hg/Cs comparison 


[22] 


\b\ 


< 20 radians/s 


Penning trap 


[23] 


^uja , diurnal 


< 1.6 x 10" 21 




[24] 


bj\ (J = X,Y) 


< 10~ 27 GeV 


Hg/Cs comparison 


[25] 



0.83c (TX) ± 0.51c (Ty) + 0.22c {TZ) 


(4 ±8) x 


10" 


ii 


1S-2S transition 


[26]* 


cxx — Cyy 


(-2.9 ±6.3) x 


10" 


16 


Optical, microwave resonators 


[27]* 


\ C (XY) 


(2.1 ±0.9) x 


10" 


16 




[27]* 


\ C (XZ) 


(-1.5 ±0.9) x 


10" 


16 


?: 


[27]* 


\ C (YZ) 


(-0.5 ± 1.2) x 


10" 


16 


?: 


[27]* 


CXX ± Cyy — 2czz 


(-106 ± 147) x 


10" 


16 


)! 


[27]* 


\ ZZ 


(13.3 ±9.8) x 


10" 


16 


?: 


[27]* 


C(YZ) 


(2.1 ±4.6) x 


10" 


l(i 


?: 


[28]* 


C(XZ) 


(-1.6 ±6.3) x 


10" 


16 


?: 


[28]* 


C(XY) 


(7.6 ±3.5) x 


10" 


16 


?: 


[28]* 


cxx — cyy 


(1.15 ±0.64) x 


10" 


15 


)! 


[28]* 


\CXX ± Cyy - 2c ZZ - 0.25(£ e -) ZZ | 


< 


10" 


12 


)! 


[28]* 


||c (X y)| 


< 8 x 


10" 


15 


Optical resonators 


[29]* 


\cxx — cyy 1 


< 1.6 x 


lQ- 


15 


?: 


[29]* 


\cxx ± cyy — 2czz| 


< 10 


-5 


Heavy-ion storage ring 


[30]* 


! c (TX)j, l c (Ty)|, l c (TZ)| 


< 10 


-2 




[30]* 
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TABLE V: Electron sector (continued) 



Combination 


Result 






System 


Ref. 


cxx 


(-3 to 5) 


X 


io- 15 


Astrophysics 


[31]* 


CYY 


(-0.7 to 2.5) 


X 


lO" 15 


" 


[31]* 


czz 


(-1.6 to 2.5) 


X 


10" 15 




[31]* 


C(YZ) 


( 9 Z +t~i 1 

I — Z.O ZO X.O ) 


X 


IO" 15 






cox 


(-7 to 4) 


X 


IO" 15 




[31J* 


coy 


(-0.5 to 1.5) 


X 


IO" 15 




[31J* 


coz 


(-4 to 2) 


X 


IO" 17 




[31]* 


\0.05cxx + 0.55c yy + OAlczz 


< 1.3 


X 


IO" 15 




[32]* 


±0.16c (xy) - 0.14c { xz) - 0A7c {Y z) 












+0.22c ( ox) + 0.74c (oy) - 0.64c (oz) + coo 












\0.58cxx + OMcyy + 0.38czz 


< 2.5 


X 


IO" 15 


it 


[32]* 


-0.14c (xr) - 0.47c (xz) + 0.12c (YZ ) 












±0.76c (0X) - 0.19c( O y) - 0.62c (OZ ) + coo 












ctt = — 5 


(-13 to 2) 


X 


10 -16 


11 


[33]* 


dxY — Hzt + tan tjHyt 


(0.1 ± 1.8) x 10" 


" 27 GeV 


Torsion pendulum 


[18] 



Hzt 
Hyt — dzx 
-H X T + tanry(gT — 2d+ + dg) 
\dxx\ 

\dYY |, |dzz| 

|d(xr)| 



Id 



(XZ)| 



Id 



(YZ) 

d T x 
dry | 
drzl 



(-4.1 ± 2.4) x 10~ 27 GeV 
(-4.9 ±8.9) x HT 27 GeV 
(1.1 ±9.2) x 10~ 27 GeV 

< 2 x 10~ 14 

< 3 x 10 -15 

< 2 x 10 -15 

< 2 x 10" 14 

< 7 x 10~ 15 

< 5 x 10" 14 

< 5 x 10 -15 

< 8 x 10 -17 



Astrophysics 



[18] 

[18] 

[18] 

[34J* 

[34]* 

[34J* 

[34J* 

[34]* 

[34J* 

[34J* 

[34J* 



|dj|,|ff D „/| (J = A,V) 



< IO -22 GeV Hg/Cs comparison [25]* 
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TABLE VI: Proton sector 



Combination 




Result 






System 


rter. 


'-'A 




(6.0 ± 1.3) x 


10" 


31 


GeV 


/TTp ma o'TiptmnptpT' 

III -L-LLy llltltLllClUlllCLCl 


[211 


by 




(1.5 ± 1.2) x 


10" 


31 


GeV 




[21] 






(3 ±2) x 


10" 


27 


GeV 


H maser 


[35] 


\bj\ (J = X,Y) 




< 2 x 


10" 


27 


GeV 




[36] 


\h\ (J = X,Y) 




< 


10" 


27 


GeV 


Hg/Cs comparison 


[25]* 


CQ 


(• 


-0.3 ± 2.2) x 


10" 


22 


GeV 


Cs fountain 


[33 


5- 


(• 


-1.8 ± 2.8) x 


10" 


25 


GeV 




[37] 


Cx 




(0.6 ± 1.2) x 


10" 


25 


GeV 




[37] 


CY 


( 


-1.9 ± 1.2) x 


10" 


25 


GeV 




w 


cz 


( 


-1.4 ± 2.8) x 


10" 


25 


GeV 




[37] 


CTX 


(• 


-2.7 ±3.0) x 


10" 


21 


GeV 




[33 


CTY 


(• 


-0.2 ±3.0) x 


10" 


21 


GeV 




[37] 


CTZ 


( 


-0.4 ± 2.0) x 


10" 


21 


GeV 




[37] 


\cxx ± cyy — 2czz\ 




< 


10" 


11 




Doppler shift 


[30]* 


\C(TX)\, \C(TY)\, \C(TZ)\ 




< 10 


-8 






[30]* 


r H ~ 




< 4 x 10" 


26 




Penning trap 


[38] 


\dj\,\g D ,j\ (J = X,Y) 




< 10" 


25 


GeV 


Hg/Cs comparison 


[25]* 



15 



TABLE VII: Neutron sector 



Combination 




Result 






System 


Ref. 


&x 




< 2 x 10" 


-29 


GeV 


Ultra-cold neutrons 


[39] 


-4.26< n) + 0.76< p) 




2tt(53 ± 45) nHz 


Xe/He maser 


[40] 


\bj - ^jklHkl], (J = X,Y) 




< 10" 


-28 


GeV 


Maser / magnetometer 


[41]* 


bx 


(■ 


-3.7 ± 8.1) x 10" 


-32 


GeV 


K/He magnetometer 


[21] 


by 


(■ 


-9.0 ±7.5) x 10" 


- 3 2 


GeV 




[21] 


b Y - 0.0034d y + 0.0034<toy 




(8.0 ±9.5) x 10" 


-32 


GeV 


Xe/He maser 


[42] 


-b x - 0.0034d x - 0.0034g DX 




(2.2 ±7.9) x 10" 


■32 


GeV 


?: 


[42] 


— cosrififoT + \d- — 5 C — \qt) 


(• 


-1.1 ± 1.0) x 10" 


-27 


GeV 


): 


[42] 


- cosr/(g T - 2d+ + |Jq) 














+ sin^(dy Z - ffxr) 


















(0.2 ± 1.8) x 10" 


-27 


GeV 


>: 


[42] 


f i £ i i ,7 ^ 

(2 b T + j"- -flc- 2ST) 


(.' 


-1.8 ± 1.9) x 10" 


-27 


GeV 


>: 


[42] 
















cos rj(HzT — dxy) — smr/HyT 


(• 


-1.1 ± 0.8) x 10" 


-27 


GeV 


j: 


[42] 


^{b x y + (b Y y 




(6.4 ± 5.4) x 10" 


■32 


GeV 


?: 


[43] 






< 1.5 x 10" 


-30 




Hg/Cs comparison 


[22] 


\bj\ (J = X,Y) 




< 10" 


30 


GeV 




[25]* 


|M, I c (t./)| 




< 5 x 10" 


-14 




Astrophysics 


[44J* 


minflcn — c 2 2 , en - c 33 , C22 — c 33 ) 




< 1.7 x 10 


-8 




Pulsar timing 


[45]* 


|cj| (J = X,Y) 




< 10" 


■25 


GeV 


Be/H comparison 


[25]* 


|c_|, \c z \ 




< 10" 


-27 


GeV 


Hg/Hg & Ne/He comparison [25]* 


\mdjT — 2 e JKLingKLT\, {J = X,Y) 




< 10" 


■28 


GeV 


Maser / magnetometer 


[41]* 


\\d(xz)\, \d(TZ)\ 




< 5 x 10" 


-14 




Astrophysics 


[44]* 


\dj\, \§d,j\ (J = X,Y) 




< 10" 


-28 


GeV 


Hg/Cs comparison 


[25]* 



16 



TABLE VIII: Photon sector 



Combination 


Result 








System 


Ref. 




(-0.31 ±0.73) 


X 


10" 


17 


Rotating optical resonators 


[46] 


11 


(0.0 ± 1.0 ±0.3) 


X 


10" 


17 


35 


[47] 




(-0.1 ± 0.6) 


X 


10" 


17 




[48] 




(-7.7 ±4.0) 


X 


10" 


10 


Optical, microwave resonators 


[27]* 




(2.9 ± 2.3) 


X 


10" 


16 


Rotating microwave resonators 


r a nl 

[49] 




(-3.1 ± 2.5) 


X 


10" 


16 


Rotating optical resonators 


[50] 




(-0.63 ± 0.43) 


X 


10" 


1 5 


Rotating microwave resonators 


[51] 




(-1.7 ± 1.6) 


X 


10" 


1 5 


Optical, microwave resonators 


[28]* 




(-5.7 ± 2.3) 


X 


10" 


15 


Microwave resonator, maser 


[52] 




(1.7 ± 2.6) 


X 


10" 


15 


Optical resonators 


[53] 




(1.4 ± 1.4) 


X 


10" 


13 


Microwave resonators 


[54] 


C^-) xz 


(0.54 ±0.70) 


X 


10" 


17 


Rotating optical resonators 


[46] 


11 


(0.4 ± 1.5 ±0.1) 


X 


10" 


17 


ti 


[47] 




(-2.0 ± 0.9) 


X 


10" 


1 7 




[48] 




(-10.3 ± 3.9) 


X 


10" 


16 


Optical, microwave resonators 


[27]* 




(—6.9 ± 2.2) 


X 


10" 


16 


Rotating microwave resonators 


[49] 




(5.7 ± 4.9) 


X 


10" 


10 


Rotating optical resonators 


[50] 




(0.19 ± 0.37) 


X 


10" 


15 


Rotating microwave resonators 


[51] 




(-4.0 ± 3.3) 


X 


10" 


15 


Optical, microwave resonators 


[28]* 




(-3.2 ± 1.3) 


X 


10" 


15 


Microwave resonator, maser 


[52] 




(—6.3 ± 12.4) 


X 


10" 


15 


Optical resonators 


[53] 




(-3.5 ± 4.3) 


X 


10" 


13 


Microwave resonators 


[54] 


(k ) yz 


(— 97 ± 741 


x 


10" 


17 


Rotfltinc nntipfll resonators 


1461 


11 


(-0.6 ± 1.4 ±0.5) 


X 


10" 


17 


J3 


[47] 


11 


(-0.3 ± 1.4) 


X 


10" 


17 


33 


[48] 


ii 


(0.9 ±4.2) 


X 


10" 


l(i 


Optical, microwave resonators 


[27]* 


ii 


(2.1 ± 2.1) 


X 


10" 


l(i 


Rotating microwave resonators 


[49] 


ii 


(-1.5 ±4.4) 


X 


10" 


16 


Rotating optical resonators 


[50] 


ii 


(-0.45 ±0.37) 


X 


10" 


15 


Rotating microwave resonators 


[51J 


ii 


(0.52 ±2.52) 


X 


10" 


15 


Optical, microwave resonators 


[28]* 


ii 


(-0.5 ± 1.3) 


X 


10" 


15 


Microwave resonator, maser 


[52] 


ii 


(3.6 ±9.0) 


X 


10" 


15 


Optical resonators 


[53] 


ii 


(1.7 ±3.6) 


X 


10" 


13 


Microwave resonators 


[54J 
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TABLE VIII: Photon sector (continued) 



Combination 


Result 






System 


Ref. 


(R e .) xx - {k e .) YY 


(0.80 ± 1.27) 


X 


10" 


17 


Rotating optical resonators 


[46] 


?) 


(0.8 ±2.0 ±0.3) 


X 


10" 


17 




[471 


V 


(-2.0 ±1.7) 


X 


10" 


17 




[48] 


J) 


(—12 ± 16) 


X 


10" 


16 


Optical, microwave resonators 


[27]* 


V 


(-5.0 ±4.7) 


X 


10" 


16 


Rotating microwave resonators 


[49] 


V 


(5.4 ±4.8) 


X 


10" 


16 


Rotating optical resonators 


f50] 


)) 


(-1.3 ±0.9) 


X 


10" 


15 


Rotating microwave resonators 


[5JJ 


J) 


(2.8 ±3.3) 


X 


10" 


15 


Optical, microwave resonators 


[28]* 


V 


(-3.2 ±4.6) 


X 


10" 


15 


Microwave resonator, maser 


[52] 


V 


(8.9 ±4.9) 


X 


10" 


15 


Optical resonators 


[53] 


JJ 


(-1.0 ±2.1) 


X 


10" 


13 


Microwave resonators 


[54] 


(«._)** 


(-0.04 ± 1.73) 


X 


10" 


17 


Rotating optical resonators 


[46] 


J5 


(1.6 ± 2.4 ± 1.1) 


X 


10" 


17 




[47] 


)) 


(-0.2 ±3.1) 


X 


10" 


17 




[48] 


?) 


(223 ± 290) 


X 


10" 


16 


Optical, microwave resonators 


[27]* 


?) 


(143 ± 179) 


X 


10" 


16 


Rotating microwave resonators 


[49] 


)5 


(-1.9 ±5.2) 


X 


10" 


15 


Rotating optical resonators 


[50] 


?) 


(21 ±57) 


X 


10" 


15 


Rotating microwave resonators 


[51] 


?) 


(-2.9 ±2.2) 


X 


10" 


14 


Optical resonators 


[55] 


l(- e -) (fc °l 


< 4 


X 


10" 


18 


Astrophysics 


[56]* 
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TABLE VIII: Photon sector (continued) 

Combination Result System Ref. 

f3 (B (k 0+ ) XY (-0.14 ± 0.78) x 10 -17 Rotating optical resonators [46] 

(k a+ ) XY (1.5 ± 1.5 ±0.2) x 10~ 13 " [47] 

/3 (B (k 0+ ) XY (-2.5 ±2.5) x 10~ 17 " [48] 

(Ro+) XY (1.7 ± 2.0) x 10 -12 Optical, microwave resonators [27]* 

(—0.9 ± 2.6) x 10~ 12 Rotating microwave resonators [49] 

(-2.5 ± 5.1) x 10" 12 Rotating optical resonators [50] 

(0.20 ± 0.21) x 10 -11 Rotating microwave resonators [51] 

(—1.8 ± 1.5) x 10 -11 Microwave resonator, maser [52] 

(14 ± 14) x 10 -11 Optical resonators [53] 

/3 <B (H 0+ ) XZ (-0.45 ± 0.62) x 10 -17 Rotating optical resonators [46] 

{k a+ ) xz (-0.1 ± 1.0 ±0.2) x 10~ 13 " [47] 

MR 0+ ) XZ (1.5 ± 1.7) x 10" 17 " [48] 

(k 0+ ) xz (-3.1 ± 2.3) x 10 -12 Optical, microwave resonators [27]* 

(-4.4 ± 2.5) x 10~ 12 Rotating microwave resonators [49] 

(-3.6 ± 2.7) x 10~ 12 Rotating optical resonators [50] 

(-0.91 ± 0.46) x 10 -11 Rotating microwave resonators [51] 

(— 1.4 ± 2.3) x lO" 11 Microwave resonator, maser [52] 

(-1.2 ± 2.6) x 10 -11 Optical resonators [53] 

/3 IB (k 0+ ) YZ (-0.34 ± 0.61) x 10 -17 Rotating optical resonators [46] 

(k D+ ) YZ (-0.1 ± 1.0 ±0.4) x 10~ 13 " [47] 

P<s(k 0+ ) YZ (-1.0 ±1.5) x 10- 17 " [48] 

(k 0+ ) YZ (-2.8 ± 2.2) x 10 -12 Optical, microwave resonators [27]* 

(-3.2 ± 2.3) x 10~ 12 Rotating microwave resonators [49] 

(2.9 ± 2.8) x 10~ 12 Rotating optical resonators [50] 

(0.44 ± 0.46) x 10" 11 Rotating microwave resonators [51J 

(2.7 ± 2.2) x 10 -11 Microwave resonator, maser [52] 

(0.1 ± 2.7) x 10 -11 Optical resonators [53] 

(k a+ ) YX - 0.432(k o+ ) zx (4.0 ± 8.4) x 10~ 9 Microwave resonators [54] 

(k 0+ ) XY - 0.209(ft o +) yz (4.0 ±4.9) x 10" 9 " [54] 

(k a+ ) xz -0A84(k o+ ) YZ (1.6 ± 1.7) x 10" 9 " [54] 

{k a+ ) YZ + 0A84(k o+ ) xz (0.6 ± 1.9) x 10~ 9 " [54] 



l(« 0+ ) (lj) ! 



< 2 x 10" 



Astrophysics 



[56]* 
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TABLE VIII: Photon sector (continued) 

Combination Result System Ref. 

kfa (— 0.3 ± 3) x 10~ 7 Microwave interferometer [57] 

\hi - | c ool < 5 x 10~ 15 Collider physics [58]* 

Hr - f c oo (-5-8 to 12 ) x 10 ~ 12 " Ml* 

k tr - I Coo < 6 x 10~ 20 Astrophysics [60]* 

- [St,. - f ego] < 9 x 10~ 16 " [60]* 

ft tr < 1.4 x 10~ 19 " [56]* 

|/t tr | < 8.4 x 10~ 8 Optical atomic clocks [61] 

< 2.2 x 10" 7 Heavy-ion storage ring [62]* 

< 2 x 10" 14 Astrophysics [63]* 

< 3 x 10" 8 g e - 2 [63]* 

" < 1.6 x 10 -5 Sagnac interferometer [64]* 

I E jm 2^ m (98.2°, 182.1°)(fc ( (4 ; ) )3m + »*$ W J| < 10- 37 Astrophysical birefringence [13]* 

IE Jm 2y J ,487.3^37.3°)(fcW )Jm +^^ m )| < HT 37 " [13]* 

fc ( ( ^ )20 ±(17lg) x 10" 31 CMB polarization [10]* 

fc[|go ±(17l 7 ) x 10- 31 " [10]* 

\/E m (|fe( ( B)2j 2 + l fc ( ( B)2 m l 2 ) < 5 x 10- 32 Astrophysical birefringence [9]*, [13]* 

fc a |forsomea < 2 x 10~ 37 " [65]* 

|fc a | fora = 1,...,10 < 2 x 10~ 32 " [9]* 

|fe(y) 10 | < 16 x 10~ 21 GeV Schumann resonances [661 * 

|fc$)ul < 12 x KT 21 GeV " [66]* 

|k^| = (6|fc ( (3 ,' ):ll | 2 +3|fc { (3 / ' )10 | 2 ) 1/2 /\/4^ : (10±|) x 10" 43 GeV CMB polarization [12]* 

|k^| (15 ±6) x 10" 43 GeV " [10]*, [13]* 

fc ( (3 j )10 ±(3± 1) x 10~ 42 GeV " [10]* 

Refc ( (3 j }11 ±(2ltg) x 10" 43 GeV " [10]* 

I E jm ol5m* ( % ra | < 6 x 10^ 43 GeV Astrophysical birefringence [67]*, [13]* 

|fc ( (3 j )00 | < 14 x 10" 21 GeV Schumann resonances [66]* 

fc ( (3 j )00 (—1.4 ± 0.9 ± 0.5) x 10~ 43 GeV CMB polarization [68] 

(2.3 ± 5.4) x 10" 43 GeV " [12]* 

< 2.5 x 10" 43 GeV " [69]*, [12]* 

(1.2 ±2.2) x 10" 43 GeV " [70], [12]* 

(12 ± 7) x 10" 43 GeV " [10]* 

(2.6 ± 1.9) x 10~ 43 GeV " [71]*, [12]* 

(2.5 ±3.0) x 10" 43 GeV " [72]*, [12]* 

(6.0 ±4.0) x 10" 43 GeV " [73]*, [10]* 

< 2 x 10~ 42 GeV Astrophysical birefringence [67]*, [13]* 
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TABLE IX: Charged-lepton sector 

Combination Result System Ref. 

b% -(1.0 ± 1.1) x HT 23 GeV BNL g^ — 1 [74] 

\f(b^) 2 + (bf) 2 < 1.4 x 10~ 24 GeV " [74] 

\f{bf) 2 + (bf) 2 < 2.6 x 10~ 24 GeV " [74] 

\J( b x) 2 + (^) 2 < 2 x lcr23 GeV Muonium spectroscopy [75] 

£>£ - 1.19(^^0 + H£ Y ) (-1.4 ± 1.0) x 10" 22 GeV BNL, CERN 5m - 2 data [76] 

(-2.3 ± 1.4) x 10~ 22 GeV CERN - 2 data [77]*, [76] 

m M d£ + H^ Y (1.8 ± 6.0) x 10" 23 GeV BNL - 2 [74] 

|c M | < 10" 11 Astrophysics [32]* 

|c T | < 10" 8 " [32]* 



TABLE X: Neutrino sector 



Combination 



Result 



System Ref. 



(#)c 



< 2 x 10" 



Cosmic rays [781 H 



i«ri 



icPi, icri 



\c x L Y \ 

\r YZ \ 
\ C L 

\r XZ \ 
\ C L | 



< 3.0 x 10~ 20 GeV 
< 9 x 10 -23 

< 5.6 x 10~ 21 

< 5.5 x 10~ 21 

< 2.7 x 10~ 21 

< 1.2 x 10~ 21 

< 1.3 x 10" 21 



|(C)e P | 2 (10.7 ± 2.6 ± 1.3) x (HT 19 GeV) 2 

!(C) e - p | 2 + \\{As)^\ 2 + \\{A c )eu\ 2 (9.9 ±2.3 ±1.4) x (lO" 19 GeV) 2 
j(C) e -p| 2 ±i|(AW| 2 ±H(A) e -p| 2 (10.5 ±2.4 ±1.4) x (lO" 19 GeV) 2 
±i|(£ s ) e - A | 2 ± i|(S c M 2 



Accelerator [79] 
[79] 
[79] 
[79] 
[79] 
[79] 
[79] 

[80] 



acosp 
a sin p h 
c 
b 
c 
a/c 



excluded 
excluded 
excluded 
< 1.6 x 10~ 23 GeV 
< 1.4 x 10 -26 
< 5 GeV 



Multiple [81] H 
[81] H 
[81] H 

Atmospheric \82} 
[82] 
[82] 



TABLE XI: Meson sector 



Combination Result System Ref. 



Aaf 


(-6.3 ±6.0) x 10" 18 GeV 


K oscillations [83] 


Aaf 


(2.8 ±5.9) x 10" 18 GeV 


[83] 


Aaf 


(2.4 ± 9.7) x 10~ 18 GeV 


[83] 


Aaf 


(0.4 ± 1.8) x 10~ 17 GeV 


[83], [84] 


Aaf 


(-1±4) x 10" 17 GeV 


[84] 


|Aaf| 


< 9.2 x 10~ 22 GeV 


[85] 


|Aaf| 


< 9.2 x 10~ 22 GeV 


[85] 


Aaf -0.6 Aaf | 


< 10 _2 V 


[86]* 



iV D (Aaf - 0.6Aaf ) (-2.8 to 4.8) x 10 -16 GeV D oscillations [87] 
A D Aaf (-7 to 3.8) x 1GT 18 GeV " [87] 

TV 13 Aaf (-7 to 3.8) x 10~ 16 GeV " [87] 



N B { Aaf -0.30 Aaf) 


(-3.0 ±2.4) x 10" 


-15 


GeV 


Bd oscillations [88] 


7V s Aa x 


(-22 ±7) x 10" 


-15 


GeV 


[88] 


N B Aa Y 


(-27 to - 4) x 10" 


-15 


GeV 


[88] 


N B (Aa B — 0.3Aaf ) 


-(5.2 ±4.0) x 10" 


-15 


GeV 


[89] 


N B ^/(Aa B r + (Aa B r 


(37 ±16) x 10" 


-15 


GeV 


[89] 



5 n 


(-1.5 to 200) x 10~ n 


Astrophysics 


[90]* 


\c*\ 


< lO" 10 


i: 


[32]* 


|c K | 


< io- 9 


)! 


[32]* 


\c°\ 


< 10~ 8 


)! 


[32]* 


c Bd \,\c B °\ 


< 10~ 7 


?: 


[32]* 



TABLE XII: Electroweak sector 



Combination 


Result 


System 


Ref. 


1 (^<6</>WI 


< 3 x 10~ 16 


Cosmological birefringence 


[91]* 




< 0.9 x 10" 16 




[91]* 


I(fcc/)W)^^| 


< 1.7 x 10~ 16 


:j 


[91]* 


l(fc^)xx|,Kfc^)yy|,|(fc^)zz| 


< 10" 27 


Clock comparisons 


[91]* 


l(*f*)xr| 


< 10~ 27 


:) 


[91]* 


l(fc^)xz|,|(fc^)y Z | 


< 10~ 25 




[2U* 


l(*&)rr| 


< 4 x 10~ 13 


H~ ion, p comparison 


[21]* 




< 10~ 31 


Xe-He maser 


[91]* 


|(Mz|, ( fc <p)rl 


< 2.8 x 10~ 27 




[91] * 




< 10" 5 


Astrophysics 


[32]* 



TABLE XIII: Gluon sector 



Combination Result 


System 


Ref. 


|^ r CD | < 2 x IO' 13 


Astrophysics 


[63]* 



TABLE XIV: Gravity sector 



Combination 


Result 


System 


Ref. 


1 — e i — V r\ a — n 1 

\aa,T + fffly — 0.8aa^\ 


< 1 x 10 GeV 


Torsion pendulum 


I22J 


a xx - a YY 


(4.4 ± 11) x 10~ 9 


Atom interferometry 


[92] 


o XY 


(0.2 ±3.9) x 10~ 9 




[92] 


a xz 


(-2.6 ±4.4) x 10~ 9 




[92] 


a YZ 


(-0.3 ±4.5) x 10~ 9 




[92] 


a TX 


(-3.1 ± 5.1) x 10 -5 




[92] 


a TY 


(0.1 ± 5.4) x 10~ 5 




[92] 


a TZ 


(1.4 ± 6.6) x 10~ 5 




[92] 


— XX ^.YY 

a —a 


(-5.6 ± 2.1) x 10 -9 




[93] 


a XY 


(-0.09 ±79) x 10~ 9 




[93] 


o xz 


(-13 ±37) x 10~ 9 




[93] 


a YZ 


(-61 ±38) x 10~ 9 


» 


[93] 


a TX 


(5.4 ±4.5) x 10~ 5 


V 


[93] 


a TY 


(-2.0 ±4.4) x 10 -5 


V 


[93] 


a TZ 


(1.1 ± 26) x 10~ 5 


V 


[93] 


-XX _ -YY 


(-1.2 ± 1.6) x 10~ 9 


LLR & Atom interferometry 


[94], [92]* 


s xx + s YY - 2s zz 


(1.8 ±38) x 10 -9 




[94], [92]* 


s XY 


(-0.6 ± 1.5) x 10~ 9 


•>■> 


[94], [92]* 


-xz 


(-2.7 ± 1.4) x 10 -9 


V 


[94], [92J* 


s YZ 


(0.6 ± 1.4) x 10 -9 




[94], [92]* 


-TX 


(0.5 ±6.2) x 10~ 7 


V 


[94], [92]* 


s TY 


(0.1 ± 1.3) x 10 -6 




[94], [92J* 


s lz 


(-0.4 ± 3.8) x 10~ 6 




[94], [92J* 


s 11 - s 22 


(1.3 ±0.9) x 10" 10 


Lunar laser ranging (LLR) 


[94] 


s 12 


(6.9 ±4.5) x 10~ n 




[94] 


m 


(-0.8 ± 1.1) x 10~ 6 




[94] 




(-5.2 ± 4.8) x 10~ 7 




[94] 


sn e c 


(0.2 ± 3.9) x 10 




[94] 




(-1.3 ±4.1) x 10" 7 




[94] 


1 ^Mercury I 


< 10" 9 


Perihelion precession 


[95J* 


l*el 


< 10" 8 




[95]* 


SSSP 


< 10" 13 


Solar-spin precession 


[95]* 



23 



TABLE XV: Nonminimal photon sector 



Combination 


Result 






System 


Ref. 


IE jm or jm (98.2°,182.1 )fc ( ^ )jm | 


< 7 x 10 6i 


GeV" 


.i 


Astrophysical birefrin^ 


;ence [131* 


11,(5) 
\ K (V)oo\ 


< 2 x 10~ 32 


GeV" 


l 




[13]* 


!E jm oy jm (87.3°,37.3°)fc ( ( ^ m | 


< 4 x 10~ 33 


GeV^ 


■l 




[13]* 


fc (V)00 


< 1 x 10" 32 


GeV" 


■l 




[13]* 


(5) 

k (v)oo 


(3.2 ± 2.1) x 10~ 20 


GeV" 




CMB polarization 


[96]* 


If 


(3 ± 2) x 10 -20 


GeV^ 


■l 




[10]* 


1,(5) 


(8± 2 ) x 10- 20 


GeV" 


i 




[10]* 




-(8t 3 ) x 10- 20 


GeV^ 


i 




[10]* 


1,(5) 
K (V)20 


-(10 ±3) x 10~ 20 


GeV" 


i 


» 


[10]* 


1,(5) 
K (V)30 


(8± 3 4 ) x 10- 20 


GeV~ 


i 


•>■> 


[10]* 




-(8 ±3) x 10" 20 


GeV" 


i 




[10]* 



E, m 2^(98.2°, 182.1°)(fcW Jm + tfcW Jro )| 


< 


10" 


■29 


GeV" 


-2 


Astrophysical birefringence 


[13]* 


I E fm 2^(87.3°, 37.3°)(fc[§ )im + ifcW . m )| 


< 


10" 


29 


GeV- 


-2 




[13]* 


E jm oV, m (147M20 ) C [^ m 


< 3.2 x 


10" 


20 


GeV- 


-2 


Astrophysical dispersion 


[97], [13]* 


(6) 
C (/)00 


< 1.1 X 


io- 


■19 


GeV" 


-2 




[97], [13]* 


!E jm oV jm (330 ,-30°)c^ m | 


< 7.4 x 


10" 


■22 


GeV" 


-2 




[98], [13]* 


lc (6) 
1^(1)00 1 


< 2.6 x 


10- 


■ 21 


GeV" 


-2 




[98], [13]* 


E, m 0^(50.2°, 253°)cg Jm 


3±\x 


10" 


■22 


GeV" 


-2 




[99], [13]* 


(6) 
C (/)00 


10t* x 


10" 


■22 


GeV" 


-2 




[99], [13]* 


lE jm oV jm (99.7°,240°)c^ m | 


< 1 X 


10- 


■ 16 


GeV" 


-2 




[1001. [13]* 


lc (6) 


< 4 x 


io- 


■ 16 


GeV- 


-2 




[1001. [13]* 


1.(6) 
K (B)20 


±(11±*) X 


10" 


■10 


GeV" 


-2 


CMB polarization 


[10]* 


1.(6) 
K (B)30 


±(Ht§) x 


10" 


■10 


GeV" 


-2 




[10]* 


L.(6) 
ft '(S)40 


±(X1±1) x 


10- 


■ 10 


GeV- 


-2 




[10]* 



I E jm oV jm (98.2°, 182.1°)fe ( ( ^ 3 );?m | < 2 x 10- 24 GeV" 3 Astrophysical birefringence [13]* 

|fc£? )00 | < 7 x 10- 24 GeV" 3 " [13]* 

E jm oV jm (87.3°,37.3 )fc ( ^ )3m | < 5 x 10" 25 GeV" 3 " [13]* 

|fcg? )00 | < 2 x 10- 24 GeV" 3 " [13]* 

I E jm 2^(98.2°, 182.1°)(*W Jm + ifcW JTO )| < 10- 20 GeV" 4 " [13]* 

IE fm 2^(87.3^37.3°)(feW )iro + ^fc ( ^ ) , m )| < UT 20 GeV" 4 " [13]* 

E jm oV jm (147 , 120°)c[^ im < 2.6 x 10 -23 GeV -4 Astrophysical dispersion [97], [13]* 

c[f )00 < 9.2 x 10" 23 GeV" 4 " [97], [13]* 

!E jm oV, m (99.7 ,240°) C ^ jm | < 3 x HT 13 GeV" 4 " [100], [13]* 

|cgj < 9 x 10- 13 GeV" 4 " [100], [13]* 

I E jm oV jm (98.2°, 182.1°)fc ( ( ^ b . m | < 6 x HT 16 GeV" 5 Astrophysical birefringence [13]* 

|A$> )00 | < 2 x 10- 15 GeV" 5 " [13]* 

E jm oV jm (87.3°,37.3 )fc ( ( ^ )3m | < 1 x HT 16 GeV" 5 " [13]* 

Ifc^ool < 4 x 10- 16 GeV" 5 " [13]* 
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TABLE XVI: Lagrange density for the minimal QED extension in Riemann spacetime 



Sector 


boen. 


44. 

w 


Operator 


uini. 


Factor 


V I 1 


Li. V . 


Fermion 


m 




iprp 


3 


— e 


+ 















— ie 


+ 












4 


1 AfSfs^ 1 

2 a 


+ 








4 


V 1 V 


3 


ee a 




/ 




bu 


4 


?/>757 a ^/> 


3 


-ee M a 




/ 






6 


ipa ab tp 


3 


-ee" a e% 


+ 


/ 




C\v 


16 




4 




+ 


/ 




d\ v 


16 


— . ++ 
V>7s7 -Dm^ 


4 




+ 


/ 




ex 


4 




4 






/ 




J X 


4 


-H> 


4 






/ 




9\kv 


24 




4 






/ 


Photon 


(k AF y 


4 
19 


j^X piLV 


4 
3 
4 




+ 
+ 


/ 
/ 



Gravity 






J? 


2 


e/2n 


+ 






A 




1 





— e/n 


+ 






u 


1 


R 


2 


-e/2n 


+ 








9 




2 


e/2n 


+ 


/ 






10 




2 


e/2n 


+ 


/ 



TABLE XVII: C, P, T properties 


> of operafc 


ors for Lorentz 


violation in 


QED 


Coefficient 


C 


P 


T 


CP 


CT 


PT 


CPT 


CTT, Cjk, (kF)TJTK , (kp)jKLM 


+ 


+ 


+ 


+ 


+ 


+ 


+ 


bj, gjTL, gjKT, (&Af)./ 


+ 


+ 




+ 








br, g.iTT, g.jKL, (^af)t 


+ 




+ 




+ 






c TJ, Cjt, (kp)TJKL 


+ 










+ 


+ 


o-t, e T , fj 




+ 


+ 






+ 




Hjk, drj, djT 




+ 






+ 




+ 


Htj, dxr, djK 






+ 


+ 






+ 


aj, e,/, fr 








+ 


+ 


+ 
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TABLE XVIII: Definitions for the fermion sector of the minimal QED extension 



Symbol 


Combination 


Components 


bj 


bj — \sjklHkl — m(djT — \sjkl9klt) 


3 


b*j 


bj + \sjklHkl + m(djT + \e.jkl9klt), 


3 


1>T 


b T + mgxYZ 


1 


CjT 


br — m(gxYZ — 9yzx — 9zxy) 


1 


Hxt 


Hxt + m(dzY — 9xtt — 9xyy) 


1 


Hyt 


Hyt + m(dxz — 9ytt — 9yzz) 


1 


Hzt 


Hzt + midyx — 9ztt — gzxx) 


1 


d± 


m(dxx ± d Y v) 


2 


dq 


m(dxx + d Y Y - ^d Z z - 9yzx - 9zxy + ^9xyz) 


1 


dj 


m(d T j + \d JT ) - \£jklH kl 


3 


dyz 


m(d Y z + dzY — 9xyy + gxzz) 


1 


dzx 


m(dzx + d X z — gYzz + gYxx) 


1 


dxY 


m(dxY + dyx — gzxx + gzYY) 


1 


9c 


m(gxYz — gzxy) 


1 


9- 


rn(gxTX — gYTY ) 


1 


9Q 


m(gxTx + gYTY — Igzrz) 


1 


9tj 


rn \sjkl gKTL 


3 


9dj 


— bj + mejKhiSjKTL + \gKLT) 


3 


9.JK 


m(g JTT + gjKx), (no K sum, J / K) 


6 


CQ 


m(c X x + c Y y - 2c zz ) 


1 


C- 


m(cxx — cyy) 


1 


Cj 


m \ejkl \ ckl 


3 


CTJ 


m(c T j + c JT ) 


3 


ctt 


mCTT 


1 total: 44 
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TABLE XIX: Definitions for the photon sector of the minimal QED extension 



Symbol Combination Components 

(k e+ ) JK -{k F ) TJTK + le JPQ e KRS (k F ) PQRS 5 

(k -) JK \e KPQ {k F ) TJPQ + \e JPC *{k F ) TKPC > 5 

(k e -) JK - {kF ) TJTK -\e JPC >e KRS {k F ) PC > RS + l{k F ) TLTL 8 JK 5 

{ko+ y« \e Kp Q{k F ) TJPQ - ±e JPQ (k F ) TKp Q 3 

ftt r -| [(k F ) TXTX + (k F ) TYTY + (k F ) TZTZ ] 1 total: 19 

fc 1 (k F ) TYXZ 1 

k 2 (k F ) TXYZ 1 

k 3 (k F ) TYTY - (k F ) xzxz 1 

k 4 (k F ) TZTZ - (k F ) XYXY 1 

k 5 (k F ) TXTY + (k F ) XZYZ 1 

k 6 (k F ) TXTZ - (k F ) XYYZ 1 

k 7 (k F ) TYTZ + (k F ) XYXZ 1 

fc 8 (k F ) TXXY + (k F ) TZYZ 1 

fc 9 (fc F ) TXXZ - (k F ) TYYZ 1 

fc 10 (fcF) TVXy - (k F ) TZXZ 1 

fe ( ( ^ )00 (k AF ) T 1 

fc ( ( v)io -\/4V3(fc AF ) Z 1 

Re fcW u \/2V3 (fc AF ) x 1 

Imfcg> —^/2tt/3 (k a F ) 1 total: 4 



TABLE XX: Lagrange density for the fermion sector of the minimal SME in Riemann-Cartan spacetime 



Sector 


Coeff. 


Operator 


Dim. 


Factor 


CPT 


L.V. 


Lepton 




«-» 

J - J A { -*— ' (J, -*-' A 


4 


2 tL L a 










RaYD^Ra 


4 


2 a 


+ 






(a.L)p,AB 


LaYLb 


3 


-ee\ 




/ 




{flft)p,AB 


RAj a R B 


3 




- 


/ 






LaY D" L b 


4 


2~26C a 


+ 


/ 




(c_r) m „ab 


RaY D v R b 


4 


— 2-iee^ a 


+ 


/ 


I 1 1 t Q r \r 

uaiK 




WAI "cVi 


*i 


2 £ C - C a 


1 








U A 7 ^iiUa 


4 


1 XppV 

2 tee a 


+ 








da 7 u^ua 


/I 
*± 


1 

2 tc:c a 


i 










3 


L L a 




/ 




{au)^AB 




3 






/ 




(ao)iJ.AB 


D A f a D B 


3 


-ee" a 


— 


/ 




(cq)hvAB 




4 




+ 


/ 




[C-JJ^jiiuAB 




4 


_1. M 

2 a 


+ 


/ 




(ce>*)[ivAB 




4 


2 a 


_i_ 


/ 


Yukawa 


{Gl)ab 


L A <j>R B + h.c. 


4 


— e 


+ 






(Gu)ab 


Q A <t> c U B + h.c. 


4 


— e 


+ 






(Gd)ab 


Q a 4>Db + h.c. 


4 


— e 


+ 






(Hl)/j,vAB 


L A cj>a ab R B + h.c. 


4 


2 a o ^ 


+ 


/ 




(Hu)iivAB 


Q A cj> c a ab U B + h.c. 


4 


2 a° & 


+ 


/ 




{Hd)ij,vAB 


Q A <f>a ab DB + h.c. 


4 




+ 


/ 
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TABLE XXI: Lagrange density for the boson sector of the minimal SME in Riemann-Cartan spacetime 



Sector Coeff. Operator Dim. Factor CPT L.V. 



Higgs 


2 

A* 




2 


e 


+ 






\ 

A 


K9 <P) 


^ 


i „ 


i 

t 








(DuSYiD^d)) 


4 


g 


4 






{kd>Y 


(/> t D M </> + h.c. 


3 






/ 




ik^Y" 


(D„6Y(D„6) + h c 


4 


2 c 


+ 


/ 




(k^wY" 


6^W„„6 


4 


-ie 
2 e 


4- 
i 


/ 




ik^ n Y v 

\>v(pt> J 




4 


-ie 
2 c 


4- 


/ 


Gauge 




Tr(G M „G M ) 


4 


i 


+ 








Tr(W, J „W'"') 


4 


1 

-¥ 


+ 










4 




+ 






(k ) K 


B K 


1 


e 




/ 




(Kl )k 


R, R 


Q 
O 






/ 

V 




(k 2 ) K 


Tr(WAVVu„ + %iqW\W a W v ) 


3 






/ 






Tr(G\G„„ + '-ia-iG\G„G„\ 


3 






/ 




I r>,f~' \ v \ , , i , 


Tr(G KA G M ") 


4 


-ie 
2 c 


4 


/ 




1 few ) i<- \ ii ii 


Tr(W KA W MI/ ) 


4 


-ie 

2 


4 


/ 




I A" D 1 \ , , ■ , 




4 


-I e 

4 C 


4 


/ 


Gravity 






2 


e/2K 


4 






A 


1 





— e/ft 


+ 






u 




2 


-e/2« 


+ 






(k T ) X ^ 




1 


e/2K 


+ 


/ 








2 


e/2K 


+ 


/ 








2 


e/2K 


+ 


/ 




(kTTY^^" 




2 


e/2K 


+ 


/ 




{k DT y x ^ 


D K T\fj,u 


2 


e/2K 


+ 


/ 



TABLE XXII: Coefficients in the neutrino sector 



Coeff. Dim. Oscillation CPT L.V. 



m,AB 


3 


v -f> v, V -f> V 


+ 




[{*lY\ ab 


3 


v -f> v, V -f> V 




/ 




3 


v «-»• V 


+ 


/ 




4 


v -f> v, V v 


+ 


/ 




4 






/ 
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TABLE XXIII: Quadratic Lagrange density for the nonminimal photon sector in Minkowski spacetime 



Coeff. 


# 


Operator 


Dim. 


Factor 


CPT 


L.V. 








A 

^± 


i 

4 


i 




(4f)« = (kAF) K 

\ k af)k 

, (7) . «1»!«3«4 


4 
36 
120 


AxF^ 

-A A Oa i da 2 Ffj, i/ 
A\d a i dan da% da 4 F[lv 


3 
5 
7 


1 kX^iu 
2 fc 

1 kA/ai/ 
2 fc 

1 kX^iv 
2 € 


- 
— 


/ 
/ 
/ 


,,(dK ai-«(d-3) 

\^af) k 




Axf) ■ . . f) f 

A ^a i UoL (d — 3) 


OLLU U, 


1 nX/iv 




/ 

V 


(4 4) ) kA ^ EE (k F ) KX ^ 


19+1 




4 


1 

4 


+ 


/ 


(jt' 6 ')"*'"" 1102 


126 




6 


1 

4 


+ 


/ 




360 


Fk,\0q i da 2 da % da 4 Ff.LV 


8 


1 

4 


+ 


/ 




(d+l)d(d-3) 


F^xda-i • • • d a{d _ A) F^ v 


even d 


1 

4 


+ 


/ 



TABLE XXIV: Spherical coefficients for the nonminimal photon sector in Minkowski spacetime 



Type Coeff. Dim. n j # 



vacuum 


(d) 

(I)jm 


even, 


> 4 








0,l,...,d-2 








k (d) 


even, 


> 4 








2,3, ...,d- 2 




(d- if -4 




k (d) 


even, 


> 4 








2,3, ...,d- 2 




(d- l) 2 -4 




K (V)jm 


odd, > 3 








0,l,...,d-2 




(d-1) 2 


vacuum orthogonal 


,-,(dK(0S) 
K'-F )njm 


even, 


> 4 


0,1,. 


..,d- 


4 


n, n — 2, n — 4 . . . , 


> o 


(d-l)(d-2)(d-3) 
6 




\ K F ) njm 


even, 


> 6 


1,2,. 


..,d- 


4 


n, n — 2, n — 4 . . . , 


> o 


(d-l)(d-2)(d-3) 

6 1 




r T: (d \(iB) 

K^F )„j m 


even, 


> 6 


1,2,. 


..,d- 


4 


n + l,n — l,n — 3.. 


-,> 1 


(d-4)(d 2 +d+3) 
6 




K^F )„j m 


even, 


> 6 


2,3,. 


..,d- 


4 


n, n — 2, 71 — 4 . . . , 


> 2 


(d-4)(d 2 -2d-9) 
6 




( K F ) n j m 


even, 


> 6 


1,2,. 


..,d- 


4 


n, n — 2, 71 — 4 . . . , 


> 1 


d(d-2)(d-4) 
6 




y^F )njm 


even, 


> 6 


1,2,. 


..,d- 


4 


n + l,n — l,n — 3.. 


-,> 2 


(d+3)(d-2)(d-4) 
6 




(k {d) \ {0B) 
y^AFInjm 


odd, > 5 


0,1,. 


..,d- 


4 


71, 71 — 2, 71 — 4 ... , 


> o 


(d-l)(d-2)(d-3) 
6 




(k id) ^ 1B ~> 
K K AF) n j m 


odd, > 5 


0,1,. 


..,d- 


4 


71+ 1, 71— 1, 71 — 3.. 


-,> 1 


(d+l)(d-l)(d-3) 
6 




(~k W \ {1E) 

y K AF> njm 


odd, > 5 


1,2,. 


..,d- 


3 


71, n — 2, n — 4 ... , 


> 1 


(d+l)(d-l)(d-3) 
6 



